Electric field-dependent permittivity of n-TiO 2 (rutile) along different crystallographic axes was investigated by an electrochemical impedance spectroscopy (EIS) measurement. The C ¹2 versus U plots were fitted with a quadratic function of U, derived from a model that adds the effects of electric field dependent permittivity to the conventional MottSchottky equation. Only when atomically flat n-TiO 2 single crystal electrodes were used, could the intrinsic behavior of the electric field dependent permittivity be observed. The principal components of permittivity in the ab-plane exhibited a weak electric field dependence, while a strong electric field dependence was confirmed along the c-axis direction. By taking the electric field dependent permittivity into account, we were able to evaluate accurately the flat-band potential and the donor density. Different photocurrent behavior between (110), (100), and (001) electrodes is discussed in terms of the electric field strength at the surface and the depletion layer width within TiO 2 .
Introduction
TiO 2 is a well-known wide-gap oxide semiconductor material that is starting to find use in various electronic and electrochemical devices, such as thin-film transistors, 1) dye-sensitized solar cells, 2) and photocatalysts. 3) 6) The latter two applications of TiO 2 in particular have drawn much attention recently from the viewpoints of energy conversion and environmental issues. Electrochemical devices always include interfaces between different materials, e.g., metal/TiO 2 , electrolyte/TiO 2 or organic dye/TiO 2 , across which electron-and/or hole-type carriers need to pass. In some cases, efficient transfer of carriers across interfaces and in the bulk materials may become the key limiting factors in determining the overall device performance and efficiency. The transfer of carriers at an interface depends on the electronic properties, such as the energy level positions and the band structures of the materials that the interface is composed of. Gaining a basic understanding of these properties is important in order to design devices with better performance and higher efficiency.
In TiO 2 -based photocatalysis in an electrolyte, a difference in the chemical potentials of TiO 2 and the electrolyte cause a transfer of electrons across the interface. The resulting band bending in TiO 2 close to the interface has an important role in promoting efficient separation of photo-excited electronhole pairs. From the point of view of material properties, the most influential parameter affecting the band bending is the permittivity of TiO 2 ; the larger the permittivity, the wider the space-charge layer becomes. The permittivity of a material is generally assumed to be constant, independent of an applied potential, i.e., the electric field. In practice, the permittivity does change under high electric fields, often becoming smaller with increasing field strength. The electric field dependence of permittivity is a well-known effect in SrTiO 3 (STO). 7), 8) We have recently shown by electrochemical impedance spectroscopy (EIS) on TiO 2 (110) rutile single crystals 9) that a similar electric-field-dependent permittivity behavior exists in TiO 2 , although the effect is not as strong as in STO. Rutile TiO 2 has a tetragonal symmetry with two principal components of permittivity; in the ab-plane and along the c-axis. Therefore, the electric field dependence of permittivity is also anisotropic, dependent on the choice of crystallographic axes in rutile TiO 2 . In this work, we investigated the electric field dependence of the different principal components of permittivity by EIS analysis using TiO 2 rutile single crystals with (110), (100), and (001) crystal faces. The work shows that the electric field dependence of the principal component of permittivity along the c-axis is larger than in the ab-plane. By taking such an electric field dependent permittivity into account, we were able to evaluate more accurately the flat-band potential and the donor density. Using these parameters, the different photocurrent behavior between (110), (100), and (001) oriented electrodes is discussed in terms of the electric field strength at the surface and the depletion layer width within TiO 2 .
Experimental procedures
Atomically flat single-crystal rutile n-TiO 2 bulk samples were prepared according to our original recipe, using 0.5 wt % Nb-doped (110)-, (100)-, and (001)-cut TiO 2 crystals from Shinkosha. 10) The nominal doping level was 1.4 © 10 20 cm
¹3
. The as-polished single crystals were also used to examine the effects of surface treatment to obtain atomically flat samples for the EIS measurements. Figure 1 shows a typical set of atomic force microscope (AFM) images of an as-polished (a) and atomically flat (b) TiO 2 (110) single crystal surfaces. Ohmic contact to the samples was made by coating the backside of each crystal with an InGa alloy, to which a copper wire was attached with Ag-paste. The backside and the edges of the crystals were then coated with an insulating polymer in order to avoid a leak current in the electrolyte. A three-electrode electrochemical system was used with a saturated Ag/AgCl reference electrode and a Pt wire counter electrode in a 0.1 M HClO 4 aqueous solution electrolyte. The electrolyte solution was prepared with ultra-pure water, and the dissolved O 2 was removed by bubbling argon gas before experiments. The EIS measurements were performed by using an Ivium CompactStat (Portable Electrochemical and Impedance Analyzer) at a modulation frequency of 1000 Hz and an amplitude of 10 mV. The photocurrent measurements were carried out with a high-pressure Hg lamp (Ushio USH-150SC) light source under an electrode potential of U = +0.6 V vs. Ag/ AgCl sat. KCl. The light intensity, measured with an integrating sensor at 254 nm (Ushio UIT-150-A), was 28 mW/cm 2 . For the first two cases, the plots approach straight lines with constant permittivity, although there are some differences in the plots depending on the surface conditions. In order to quantitatively evaluate the non-linearity, i.e. the electric field dependence of the permittivity, the data were fitted with the following equation, assuming that the Helmholtz layer capacitance can be neglected,
Results and discussion
where ¾ 0 is the vacuum permittivity, e is the electronic charge, N D is the donor density, and U fb is the flat-band potential. ¾ r,E=0 (=89) 11) is the relative permittivity of TiO 2 (110) and (100) at an electric field of E = 0. This fitting equation can be derived from the conventional MottSchottky equation by setting ¾ðEÞ ¼
, where a and b are constants, as established by Suzuki et al. 12) The constants that represent the strength of the electric field dependence of permittivity were calculated from the fitting parameters as shown in Table 1 . From the crystallographic point of view, the values of the a and b parameters obtained for the ©100ª direction should be basically the same as those for the ©110ª direction, but this is not the case for the as-polished n-TiO 2 electrodes, even if the uncertainties are taken into account. The disagreement suggests that the as-polished TiO 2 crystals undergo non-negligible damage near the surface during the polishing process and cannot exhibit an intrinsic electric field dependence of the permittivity. In contrast, for the atomically flat surfaces, the two sets of a and b parameters coincide with each other within the experimental uncertainties. This result implies that the treatment procedure that produces the atomically flat surfaces can improve not only the surface morphology, but also the bulk dielectric properties near the surface and therefore the measured a and b values for the atomically flat TiO 2 electrodes can be concluded to be intrinsic.
For the (001) case there are more significant differences in the plots depending on the surface conditions, i.e., whether the crystal surface is just polished or atomically flat, than for the (110) and (100) n-TiO 2 electrodes. The most notable difference is that a clear nonlinear behavior is observed in the C ¹2 versus U plots for the atomically flat (001) n-TiO 2 electrode, but not for the as-polished one. In fact, the first derivative of the C ¹2 versus U plot for the atomically flat electrode, as shown in the inset of Fig. 2(c) , exhibits a linear bias dependence in a potential range 0 to 1.0 V vs. Ag/AgCl sat. KCl, as expected for the quadratic function of U defined in Eq. (1). In Table 1 , the obtained values of a and b parameters are listed for both the as-polished and Analogous to the cases of the (110) and (100) n-TiO 2 electrodes, even for the (001) case, one can conclude that the obtained values of the a and b constants for the atomically flat electrode should be intrinsic. Figure 3 shows the electric field dependence of the relative permittivity obtained for the three atomically flat n-TiO 2 (110), (100), and (001) electrodes, plotted by using the a and b constants listed in Table 1 . The first two plots correspond to the principal component of permittivity in the ab-plane (blue and red curves) and thus almost fall on the same line. On the other hand, the electric field dependence of the relative permittivity obtained for the (001) electrode (green curve) shows that the electric field dependence of the principal component of permittivity along the c-axis is much larger than in the ab-plane, comparable to the case of STO.
9)
Next, we examined how such a non-linear response of permittivity to an applied electric field can produce errors in the results of a MottSchottky analysis for TiO 2 . For this, the C ¹2 versus U plots of atomically flat n-TiO 2 electrodes were fitted to extrapolate the flat band potential U fb and the donor density N D with both the quadratic Eq. (1) introduced earlier, and the conventional linear MottSchottky model,
where k is the Boltzmann constant. The fitting results are summarized in Table 2 , where U fb(1) , U fb (2) and N D (1) , N D(2) represent the flat band potentials and the donor densities evaluated by using Eqs. (1) and (2), respectively. The differences between values obtained by fitting with Eqs. (1) or (2) are relatively small for the flat band potentials and the donor densities evaluated for the (110) and (100) n-TiO 2 electrodes, while a much larger discrepancy of up to 50% appears for the (001) electrode. Figure 4 shows the effects of electrode potential on the electric field E, the relative permittivity ¾ r at the surface, and the space charge layer width W in bulk, calculated for the (110), (100) and (001) n-TiO 2 electrodes from parameters a and b, according to the following theoretical equations from Ref. 12):
In the maximum electrode potential of 1.0 V vs. Ag/AgCl sat. KCl, the electric field for the (110), (100) and (001) surfaces can reach 2.2, 2.7, and 1.7 MV/cm, respectively. The corresponding relative permittivity decrease at the surfaces of the (110) and (100) electrodes is about 2030%, while the permittivity drop can reach 60% for the (001) electrode. This is the reason why such a large discrepancy of values was found both for the flat band potential and the donor density when these parameters were extracted by using either Eqs. (1) or (2) for the case of the (001) electrode. The conclusion from these results is that a conventional MottSchottky linear Eq. (2) may be used in the Mott Schottky plot analysis for the (110) and (100) n-TiO 2 surfaces, but not for the (001) surface. Instead, the quadratic Eq. (1) should be used to properly extract the flat band potential and the donor density from a MottSchottky plot. Finally, the photocurrent density recorded in a 0.1 M HClO 4 aqueous solution for the (110), (100), and (001) n-TiO 2 electrodes is plotted in Fig. 5 . The samples are the same as those used for measuring the data in Fig. 4 and the measurements were done under the same UV illumination conditions (28 mW/cm 2 at 254 nm) at 0.6 V vs. Ag/AgCl sat. KCl. The magnitude of the (2) for different crystal planes Equation (1) Equation (2) U fb (1) photocurrent density generated varies in the order (100) > (110) > (001) for the different TiO 2 surfaces cut directions. The observed crystal face dependence of the photocatalytic activity is different from those previously reported in the literature.
10), 14) Earlier studies have used the photodepostion of Ag from a AgNO 3 solution as a test reaction, while direct anodic currents were compared in the present study. For the simplest case in which no recombination occurs at the surface, Gärtner 15) derived an expression for the photocurrent density j PH , as shown in Eq. (6), taking into account the adsorbed photon flux¯, the absorption coefficient ¡, and the minority carrier diffusion length L min
It is reasonable to assume that the (100) and (110) planes have the same values of ¡ and L min , since these surfaces are crystallographically equivalent planes, both being perpendicular to the c-axis. If this is the case, the photocurrent density depends only on the space charge layer width for these crystal planes according to Eq. (6). As shown in Fig. 4(c) , the space charge layer width values are almost the same for the (100) and (110) planes at an electrode potential of 0.6 V vs. Ag/AgCl sat. KCl, but the photocurrent density is experimentally different. This result indicates that the Gärtner model cannot be applied directly to the present case, suggesting that recombination processes should also be included in the analysis. The magnitude of the photocurrent density varies between surface orientations in the same order as the electric field strength plotted in Fig. 4(a) , suggesting that the recombination process might be more suppressed under a higher electric field. This effect can be seen more clearly in the case of the photocurrent density of the (001) plane; it is the lowest even though the space charge layer width is the largest between the three planes. It is also important to consider that the values of ¡ and L min for the (001) surface may be different from those for the others, but the recombination process would be primarily responsible for the observed low value of the photocurrent density. This is because the donor density for the (001) surface estimated from the MottSchottky plot is less than half of the nominal doping level and much lower than for the other cases. Inactive Nb donor impurities near the surface may function as efficient recombination centers in addition to the effect of the lowest electric field strength. Further experiments will be needed for a quantitative explanation of the crystallographic orientation dependence of the photocurrent density.
Conclusions
We investigated the electric field-dependent permittivity of atomically flat n-TiO 2 single crystal electrodes by electrochemical impedance spectroscopy. The electric field dependence of permittivity along the c-axis was found to be significantly larger than that in the ab-plane. As a result the validity of the linear fitting approximation in conventional MottSchottky equation is limited to the cases where the principal component of permittivity is in the ab-plane, e.g., for the (110) and (100) n-TiO 2 electrodes. Otherwise the electric field dependence of the permittivity should be considered in order to properly evaluate the flat-band potential and the donor density in an n-TiO 2 crystal.
After properly extracting the flat-band potential, donor density, the space charge layer width, and the electric field strength, the photocurrent densities under the same experimental conditions were compared between (110), (100), and (001) n-TiO 2 electrodes. The magnitude of the photocurrent density varied in the order of (100) > (110) > (001), which could not be explained by a simple Gärtner model, suggesting the importance of the recombination process even when single crystal electrodes of TiO 2 are used.
